The semi-empirical Interferometric Water Cloud Model, IWCM, is used to estimate above ground forest biomass, AGB, in northern Sweden, Krycklan (64°N 20°E). The results are based on separate analysis of 14 TanDEM 
Introduction
A third of the Earth's land is covered by forests and around 30% of the forested area consists of boreal forests. In Sweden 51% is covered by productive forest of mainly boreal or hemi-boreal type. Forests are one of the major sinks in the global carbon cycle (Houghton et al., 2009) , and play an important role in Swedish economy. An important variable in carbon cycle models is above-ground biomass, AGB, and different remote sensing methods have been developed to estimate AGB and AGB change. However, forest properties are complex, especially in tropical areas, and there is no satellite technique able to measure forest AGB globally. Radars operating in the low VHF and UHF bands are useful due to their improved penetration capabilities and sensitivity to larger branches and stem properties, and a P-band (432-428 MHz) synthetic aperture radar (SAR) satellite mission, BIOMASS, is under development by ESA (ESA, 2012; Le Toan et al., 2011) .
No remote sensing technique can measure AGB directly. Sensitivity to the canopy with leaves, needles, and branches, and to tree stems, including moisture content, and sensitivity to the ground, soil type, moisture and topography vary with frequency. The backscattering at low radar frequencies (typically, VHF-band and P-band) is sensitive to major AGB components, i.e. stems and large branches, which is not the case for high radar frequencies (typically, C-and X-band) . However, the latter can serve as a complement, in particular for less dense forests, since the backscattering relationship to AGB at low frequencies is complex and is also affected by ground and soil properties. High radar frequencies are mainly sensitive to the upper parts of the canopy and then to the height of the forest, which is closely related to biomass, although the vegetation density is also of major importance for AGB estimation. The relationship between the interferometric phase height and forest height based on 3-day repeat-pass C-band data was studied in Askne et al. (1997) and Ulander et al. (1994) . It was found that the phase height depends not only on forest height but also on the vegetation density or the gaps in the vegetation. For the analysis, the Interferometric Water Cloud Model, IWCM, was introduced (Askne et al., 1997) . The temporal decorrelation and atmospheric artifacts associated with ERS repeat pass data made height measurements unreliable (Santoro et al., 2005) . The bistatic configuration of TanDEM-X effectively eliminates the temporal decorrelation and atmospheric artifacts and makes possible accurate height and AGB estimates, see e.g. Askne et al. (2013) , Askne and Santoro (2015) , Kaasalainen et al. (2015) , , Kugler et al. (2014) , Persson and Fransson (2016) , Soja et al. (2015a) , Soja et al. (2015b) , Solberg et al. (2013 ), Toraño Caicoya et al. (2016 ), Toraño Caicoya et al. (2015 , and Treuhaft et al. (2015) , as Model, IWCM, and also found an almost linear relation between phase height and biomass, but with a varying slope. Treuhaft et al. (2015) studied a tropical site based on one TanDEM-X acquisition and related biomass to phase height and coherence by multiple regression, a technique also used by Persson and Fransson (2016) for studies of one Tan-DEM-X scene from each of Krycklan and Remningstorp. Karila et al. (2015) studied five TanDEM-X pairs from an area in southern Finland using the Random-Forest approach. Soja et al. (2015a) used a two level method (TLM) to determine biomass from Krycklan with ten pairs and from Remningstorp with eight pairs. All presented results using TanDEM-X single polarization and different analysis methods have shown high accuracy for biomass estimation with Root Mean Square Errors (RMSE) of the order of 15-25% at stand level. Krycklan or areas close by have also been observed in many other remote sensing experiments using P-, L-, C-and X-band with forest biomass or height as a goal, and the TanDEM-X results are among the best in comparison (Askne and Santoro, 2012; Kugler et al., 2014; Neumann et al., 2012; Persson and Fransson, 2014; Persson et al., 2013; Soja et al., 2015a; Soja et al., 2013; Tebaldini and Rocca, 2012) .
The above mentioned papers as well as an earlier analysis of Tan-DEM-X acquisitions from Remningstorp (Askne et al., 2013) used local training data to determine the model parameters. Remote sensing, in the meaning of the words, means that we want to avoid a demand of a large set of stands with known forest properties in order to calibrate/train the inversion model, although reference stands should be used to validate the results of the investigation. Recently a method was presented on how to avoid local training data (Askne and Santoro, 2015) and the analysis will now be extended to a dataset from Krycklan by means of a new optimization method.
The paper is organized as follows. The test site is first introduced followed by a presentation of the TanDEM-X data and the associated meteorological data. The Interferometric Water Cloud Model is presented followed by methods for solution, results for AGB and forest height estimation and validation for forest stands with in situ data. Finally the results are extended to a large area for which ALS data are available and the results are discussed and conclusions made.
Site properties
The test site is located in the Krycklan river catchment (Lat 64°16′N Long. 19°46′E) 400 m above sea level. Slopes measured on a 50 m × 50 m grid varies up to 19°but are locally much steeper, e.g. along the river gorges. The forest consists mainly of Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.), and birch (Betula spp.).
Ground data were collected and processed as part of the BioSAR campaign in 2008 (Hajnsek et al., 2009) . A set of 31 forest stands (see Fig. 1 ), covering low to high biomass values as well as a few ground slope classes, were selected for in situ measurements. The stands were established to ensure a uniform stratification with respect to slope, and biomass based on an ALS (airborne laser scanning) survey conducted in 2006 with ground slopes computed over 80 m × 80 m units and estimates of stem volume. These 31 forest stands varied in size between 1.2 and 23.8 ha (after removal of a 5-m buffer zone). Within each stand, 8-13 circular field plots (10 m radius) were laid out with a systematic spacing of 50 to 160 m, depending on the size of the area. The spacing in each stand was determined with the aim of obtaining ca 10 plots. For each field plot, all trees with a diameter at breast height (dbh at 1.3 m above ground) larger than 4 cm were calipered and tree species were identified. Tree height and age were measured on sample trees, randomly selected within each field plot with a probability proportional to basal area, resulting in an average of 1.5 sample trees per field plot. Additional field plot variables were also collected, e.g. site index. AGB (including stem, bark, branches and leaves/needles, but excluding stump and roots; mass per unit area in Mg/ha) for each stand was calculated based on Petersson's biomass functions (Petersson, 1999) . Fig. 1 /ha and biomass 182 Mg/ha. The photo in Fig. 1 also illustrates the gaps in the vegetation with the sun illuminating the ground. The standard error for the estimated biomass varied between 4 and 21% which was computed based on the number of field plots within each stand and the variation between plots within each stand.
In addition to the 31 stands with in situ data, a new stand delineation map of Krycklan was produced based on aerial photography and new ALS data collected in 2008. The size of the stands varied between 0.04 and 57.3 ha. The laser returns were classified as ground or vegetation returns, and a DTM was derived using the laser returns classified as ground returns. The laser (vegetation) height was determined as the difference to the DTM below. A height threshold of 10% of the maximum laser height and laser height ≥ 1.0 m was applied in order to separate canopy returns from returns of e.g. stones and low vegetation. Laser height percentiles, 10, 20, …, 90, 95 and 100%, were determined on a 10 m × 10 m grid as the height at a given percentage of laser returns from the canopy. AGB was estimated using regression modeling: ln(AGB) = a + b·P + c·Veg + ε, where P is the best performing height percentile of the ALS data and Veg is the vegetation ratio, i.e. the proportion of ALS measurements exceeding 1 m above ground or 10% of the maximum height. The three coefficients were determined using the field plots within the 31 stands, together with additional 110 circular field plots positioned in the central part of the Krycklan area. For more details about the field data and analysis, see Hajnsek et al. (2009), and Holmgren (2004) .
Of the original 31 stands two were clear cut in the meantime between 2008 and 2011. In the following only the remaining 29 stands are used for comparison between TanDEM-X results and field and ALS inventory, while all 31 stands are illustrated in order to illustrate the effect of clear cuts in TanDEM-X images. Fig. 2 illustrates measured values over the 31 stands.
TanDEM-X data and meteorological data
A very large number of TanDEM-X acquisitions are available for Krycklan, due to it being a boreal forest reference site. The fourteen acquisitions analyzed in this paper are all from orbit 9 with an incidence angle of 41°, passing over Krycklan at 16:12 UTC. The first acquisition is from 2011-06-17 and features dual-pol, VV and VH polarizations, but the remaining acquisitions are single-pol, featuring only VV polarization. Only VV polarization is investigated in this paper. All acquisitions available for this orbit are included, which means a large span of meteorological conditions while at the same time the angle of incidence is constant. The height of ambiguity (the height interval for which the interferometric phase increases from 0 to 2π), HoA, varied between 36 and 136 m. Ten of the acquisitions have been analyzed in Soja et al. (2015a) using the Two Level Model, TLM, one has been analyzed in Persson and Fransson (2016) , and two have been analyzed in Toraño Caicoya et al. (2016) . For a description of processing of the TanDEM-X data used in this paper, see Soja et al. (2015a) .
Studying the TanDEM-X data for stands we find that the phase height varies from 0 to 17. and 2013-12-27 relative the rest. This means that the phase height showed the best temporal stability in comparison with coherence and backscatter between acquisitions except between summer and winter cases. The difference between winter and summer cases may be related to temperature and moisture affecting vegetation dielectric constant, the effect of leaf loss, and differences caused by snow. Fig. 2 . Examples of ground data from the 31 stands. The two allometric equations used in this paper, Eqs. (6) and (7), are shown as solid lines in a) together with the ALS H95 vs. ALS biomass and b) ALS vegetation ratio (area-fill, η) vs. ALS biomass, and in c) In situ biomass vs. ALS biomass.
The high correlation of the measurements over time with the exceptions of 2012-02-25 and 2013-12-27 (having a snow layer, see Table 1 ) is illustrated in Fig. 3 , where the first and last summer acquisitions (2011-06-17 and 2014-08-26) are plotted against each other.
TanDEM-X data were acquired on the dates listed in Table 1 together with the meteorological information from the site available from the Swedish Meteorological and Hydrological Institute, temperature, snow layer, and precipitation. Precipitation is also given for a three-day period.
Interferometric water cloud model
The semi-empirical Interferometric Water Cloud Model, IWCM, is based on models for backscattering coefficient, coherence and phase height (Askne et al., 1997; Askne and Santoro, 2012; Askne and Santoro, 2015; Santoro et al., 2002) . Backscatter is determined as in the water cloud model (Attema and Ulaby, 1978) , but generalized to include gaps in the vegetation cover by the introduction of the area-fill η, the area fraction covered by vegetation
where σ gr 0 is ground backscattering coefficient (−), σ veg 0 is vegetation layer backscattering coefficient (−), h is the height of the layer of random scatterers (m), and α is the attenuation coefficient (m
). The complex coherence of the random volume with gaps is then modeled by IWCM, which includes terms for volume decorrelation and for temporal and system decorrelation (Askne et al., 2003; Santoro et al., 2002) . For bistatic observations, with zero along track baseline, the temporal decorrelation can be neglected, resulting in:
where γ sys is the zero height coherence, γ$ vol is the volume decorrelation (Askne et al., 1997; Rodriguez and Martin, 1992) , determined by α and h, and m is the ground-to-volume scattering ratio:
where k z = 2π/HoA and HoA is the height of ambiguity. From Eq. (2) the phase height, i.e. the height of the phase center, z est , and coherence, γ, are determined by
The IWCM is a semi-empirical model using radiative transfer theory to model penetration through the partially transparent canopy and geometrical optics to model penetration through canopy gaps. The unknown model parameters α,σ gr 0 , σ veg, 0 and γ sys are assumed to be spatially invariant constants with the first three describing the properties of a certain forest type over a large area. Of the three modeled quantities (γ, z est , and σ for 0 ), z est is a function of α and σ gr 0 /σ veg 0 . γ is also dependent on γ sys , whereas σ for 0 is dependent on α,σ gr 0 ,and σ veg 0 . The vertical and horizontal structures of the forest are in the model described by h and η.
Forest properties used as constraints
The area-fill is closely coupled to canopy closure, which is a common concept in optical remote sensing and can be measured by hemispherical photos (Santoro et al., 2002) , ALS observations of the vegetation fraction (Holmgren et al., 2003; Korhonen et al., 2011; Lefsky et al., 2002; Naesset, 2002) , or by satellite data (Cartus and Santoro, 2016; Cartus et al., 2012; Cartus et al., 2011) . Also, it has been shown that the two-level model (TLM) can be used together with TanDEM-X data and a lidar digital terrain model (DTM) to measure a metric closely related to canopy closure without the need for reference data (Soja et al., 2015b) .
The area-fill can be modeled in a similar way as it is done for canopy cover (Li and Strahler, 1985; Liu et al., 2008) , i.e., as one minus an exponential function of both stand density and crown area. In the present paper, we will assume a relation for η(V) expressed as:
where V is the stem volume and η ∞ , and λ 0 are factors representing the maximum value of the area-fill and the increase with V. We will here use η ∞ = 0.9, and λ 0 = 0.01 ha/m 3 , factors representative for the hemi-boreal test site Remningstorp (Askne and Santoro, 2015) . For very large V, one might expect η = 1, but in practice the expression saturates at lower levels for high stem volumes, which is supported by Askne et al. (2013) , Cartus and Santoro (2016) , Cartus et al. (2012) , and Cartus et al. (2011) . Note that η(V) is the area-fill at Xband, and averaged over the stand. η(V) is expected to be higher than the canopy cover observed at optical frequencies and ALS since the gaps have to be larger at X-band than optical frequencies for the waves to pass through and also due to the angle of incidence. Forest height is used with different meanings. The basal area weighted forest mean height is often used by foresters to describe the dominant height. (It should be noted that the basal area weighted mean height is a property dependent on tree heights and basal areas but not on density.) In ALS applications, forest height is often quantified using different height percentiles (commonly 95th and 99th percentiles). In studies related to height estimation from PolInSAR data, e.g. Mette et al. (2004) , the H100 metric is used, defined as the mean height of the 100 tallest trees per hectare. The height used in the IWCM model is defined as the height of the random volume, and in this article, it will be assumed to be equal to the in situ-measured basal area weighted mean forest height and also compared with ALS-based height metric H95 (the 95th percentile of lidar returns classified as vegetation returns, i.e. height exceeding 1 m above ground or 10% of the maximum height in a 10 m × 10 m grid cell).
Expression (6) introduced stem volume as the forest variable, but the primary quantity in Eqs. (1) to (5b) is the observation of forest height. However, an allometric relation is useful between basal area weighed mean forest height and stem volume
For Swedish forests (Askne et al., 1997; Askne and Santoro, 2012) we have a = 2.44, and b = 0.46, where h is the basal area weighted mean forest height (m) and V the stem volume (m 3 /ha). Allometric relations between height and stem volume (or biomass) are quite common for different forest types, e.g. Siberian forests (Santoro et al., 2007) , temperate forests (Mette et al., 2004) , and forests in north-eastern USA (Cartus et al., 2012) . (It should be noted that allometric relations, h(V) and η(V), are statistical in nature and do not specifically take effects related to e.g. a thinning or a clear cut with seed trees into account.)
Using Eqs. (6) and (7), IWCM can be re-formulated as a function of stem volume. However, there is a high correlation between stem volume and biomass for different tree species, e.g. Thurner et al. (2013) , and with a certain mixture between tree species the following model for biomass estimation from stem volume will be used:
where BF is a Biomass Factor, relating stem volume to AGB (excluding stumps). For Remningstorp, BF = 0.512 Mg/m 3 was used in (Askne et al., 2013) . In this paper, the same values for η ∞ , β 0 , and BF are chosen for Krycklan as for Remningstorp, situated 720 km south-southwest of Krycklan, in order to avoid site-specific factors. The allometric models are illustrated in Fig. 2 . The aforementioned allometric functions relate forest variables h, η, V, and B to each other and reduce the number of unknown forest parameters to one. With three observables (σ for 0 , γ , and z est ) for each forest stand, the forest variable associated with each stand as well as the four spatially invariant IWCM parameters are estimated from the data. Methods to solve IWCM without local training data have been demonstrated in Askne and Santoro (2015) , and a new method will also be demonstrated in the next section. 
Estimation of IWCM parameters
We will here present a new method for IWCM fitting to experimental data, related to the solution presented in Askne and Santoro (2015) , but now fully automatic.
The observations of phase height, H i , coherence, C i , and backscatter, S i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi S 1;i S 2;i p , where S 1, i and S 2 ,i are backscatter coefficient observations from each of the two satellites and the index i refers to each of the stands, are illustrated in Fig. 4 for one TanDEM-X acquisition from 2011. The backscattering coefficients have been computed by normalizing with the ground resolution cell (Ulander, 1996) . Using the allometric relation (7), the height variable in IWCM is expressed as a function of stem volume. Parameters σ gr 0 and γ sys correspond to backscatter and coherence for stem volume equal to zero, whereas parameter σ veg 0 corresponds to backscatter intensity for complete canopy cover, η = 1, and αh ≫ 1. The phase height typically increases with stem volume V, so first estimates of σ gr 0 , σ veg 0 , and γ sys can be obtained by analyzing backscatter and coherence for low and high phase height values, see Fig. 4 . Besides the IWCM parameters, α,σ gr 0 , σ veg 0 ,and γ sys , assumed spatially invariant, the stem volumes, V i , for all stands are also unknown. Since the phase height varies over a large range in relation to the spread of the observations and a large number of looks is used during phase height estimation, we will neglect the uncertainty in phase height estimation and equate the IWCM phase height model z est to the observed phase height, H i . The coherence and backscatter models are used to obtain estimates of model parameters α, γ sys , σ gr 0 , and σ veg 0 , which thereafter will be used to obtain the stem volume, biomass, and height estimates for each stand. We first solve for the stem volumes V i [or height expressed by Eq. (7)] as a function of the observed phase height and (so far unknown) values for α,σ gr 0 , σ veg, 0 and γ sys . (Note that the phase height is only dependent on α,σ gr 0 /σ veg, 0 , and V i -the dependence on HoA is, for simplicity, suppressed in the following equation, but should nevertheless be noted.)
Following the discussion from the previous paragraph, it is here assumed that all variations in H i can be modeled with z est (α,σ gr 0 /σ veg, 0 ,V i ).
From Eq. (9) ; V α; σ
In Fig. 4 we see two backscatter values deviate from the general trend, which is the case for all of the TanDEM-X observations, and is caused by enhanced backscattering from ground sloping towards the radar. These two stands are excluded from Eq. (10b) as considered untypical for the data trend.
We want to minimize Eqs. (10a) and (10b) in such a way that the minima are obtained for the same values of the parameters, cf. Askne and Santoro (2015) . In this paper this is done by means of a nonlinear minimization of Δ(α,σ gr 0 , σ veg 0 ,γ sys ):
where w is a weight factor balancing the importance of Δγ versus Δσ. The weighting factor w is determined by requiring that the two error contributions are equal in the final solution. This imposes that:
We note that a minimum of Δ(α,σ gr 0 , σ veg 0 ,γ sys ) for e.g. α is obtained simultaneously with minima for Δ γ(α,σ gr 0 , σ veg 0 ,γ sys ) and Δσ(α,σ gr 0 , σ veg 0 ,γ sys ), which is a physical demand. We also note that 2/ Δ = 1/Δγ + 1/Δσ. This means that the individual contributions of the coherence and backscatter errors will be weighted depending on their relative values. Typically 1 ≤ Δγ(α,σ gr 0 , σ veg 0 ,γ sys )/Δ σ(α,σ gr 0 , σ veg 0 ,γ sys ) b 2.2 except for two winter cases for which the ratio is b 1. The minimization is illustrated in the complex plane in Fig. 5 for data from 2011-06-17.
The various steps are summarized as follows: h is introduced as the height of the layer with random scatterers which is assumed to be equal to the basal area weighted mean forest height. The modeled phase height z est is set equal to the observed phase height and the IWCM 
Winter case anomaly
For one of the investigated cases, the winter case 2012-02-25, which has a 1 m snow layer and −9°C, the phase height/coherence and backscatter/phase height diagrams changed considerably, cf. Fig. 7. (For comparison to a typical summer cases, see Fig. 4 .) After minimization the model results should be checked versus the observations. Since we are looking for systematic trends in the observations we note that we have four outliers in the backscatter/phase height diagram (two clear cuts and two influenced by topography), which affects the minimization described above. These four stands are therefore excluded from the minimization in Eqs. (10a) and (10b) (1)- (5b) is not adapted for snow. If the four stands are not excluded, the minimization is driven by the large spread of the backscatter values for this winter case, and with the consequence that the parameter values may lose their physical meaning. One noteworthy property in the winter case, however, is the small spread of coherence values.
There is one more acquisition from the winter season, 2013-12-27, with temperatures varying during the day between −1.3°(6 am) and − 0.1 (6 pm). In this case the solution is characterized by σ gr 0 /σ veg 0 = 0.74 and α = 0.14, values somewhat enhanced relative summer acquisitions. The acquisitions studied in this paper cover mainly summer conditions and the winter cases have shown effects indicating possible complications probably depending on snow influence. Summer acquisitions are therefore preferred for biomass estimation.
Results

IWCM parameters
In Fig. 8 the IWCM parameters, σ gr o , σ veg o , α ,and γ sys as obtained in the minimization process, are plotted against air temperature on the day of acquisition and total precipitation during the day of the acquisition and the two preceding days. The dependence of γ sys on HoA is also illustrated. The winter case 2012-02-25 is uncertain due to a 1 m snow layer. We primarily observe an increase of σ veg o with temperature, which most likely is related to the water content within the vegetation. The variation of the other parameters is too uncertain for general conclusions. α, however, does not seem to be clearly related to temperature and precipitation, which may indicate that dielectric effects play less role compared to penetration through gaps to lower levels of the vegetation.
Accuracy of estimated biomass and height
The RMSE (in the paper, RMSE is defined as a percentage of the mean value), and the Pearson coefficient squared, r 2 , together with bias for biomass estimated from TanDEM-X data relative biomass estimated from in situ measurements in 2008 are illustrated in Fig. 9 . We note that due to the estimation process, the estimated biomass is influenced by the values of α and σ gr o /σ veg o , but not by γ sys .
The TanDEM-X measurement closest in time to the field and ALS observations, 2011-06-17, is characterized by RMSE for biomass equal to 16.6% and for forest height equal to 11.5%, normalized by a mean biomass of 93.9 Mg/ha and a mean height of 15.1 m. The RMSE for the other observations range between 15.8 and 21.2% for biomass, as illustrated in Fig. 9 , and 9.9-16.0% for height. Three measurements are characterized by no precipitation on the day of acquisition nor the two preceding days and three additional measurements characterized by no precipitation on the day of acquisition and b 3.5 mm on the two preceding days, cf. Fig. 9 . We conclude that the results are sensitive to precipitation. The increase of RMSE and bias, and the decrease of r 2 with time for the acquisition without precipitation are in line with what can be expected due to forest growth with time.
The mean biomass and forest height are illustrated in Fig. 10 and acquisitions little affected by precipitation in 72 h are marked as earlier.
The scatter of the points demonstrates the stability of the estimation process. The low value for 2013-12-27 is associated with a temperature of −0.7°C and a 6 cm snow layer. The second winter case, 2012-02-25, does not stand out after the removal of the four outliers in the minimization process. The observations from 2013-12-27 seem to be affected by the snow layer close to melting, and we conclude that winter cases with a snow layer seem less suitable for estimating biomass with the present model.
Using ALS as reference
Next, we will study the large area with ALS data as reference and for that reason we will first compare field and ALS inventory. For the investigated 29 stands we find RMSE = 18.6, r 2 = 0.87, and a bias between in situ and ALS of 9.4 Mg/ha. If the ALS observations are used as reference for the estimated biomass by means of TanDEM-X we obtain the results in Fig. 11 . From Fig. 11 we note higher level and scattering of the RMSE values, and higher bias, but less scattered and higher values for r 2 (0.91-0.94 with the exception of a winter case). The results indicate that Tan-DEM-X and ALS have similar measurements properties (high r 2 ), but the TanDEM-X measurements are better calibrated (less bias) in spite of no local training data in IWCM (but optimized for the relevant stands) while for the interpretation of the ALS measurements local training data have been used (but for a larger area).
Large area with ALS as reference
The interferometric water cloud model has been applied to 29 stands for which in situ data are available and therefore suitable for testing the accuracy of the model and its solution. However, the ALS measurements cover a large area, and the TanDEM-X investigation will now be extended to the same area. We will concentrate on the acquisition from 2011-06-17, closest in time to the ALS observations in August 2008. Within the covered area consisting of 1071 stands, we analyze the 646 forest stands with an area larger than 1 ha in order to stabilize forest properties. In order to compare with the ALS measurements we exclude 27 stands with large changes detected using a simple comparison between the measured phase height and ALS biomass (phase height in m b 0.03 of the ALS biomass in Mg/ha). Using aerial photography, these changes can be verified to be man-made and caused by harvesting. The remaining 619 stands cover an area of 3166 ha out of the total area of 3535 ha for 646 stands. Over this large area, forest properties vary somewhat more than in the case of the 29 reference stands, as illustrated in Fig.  12 . In particular, we see a larger variability in backscatter. The minimization procedure took place over the 619 stands and w was found to be small due to the large spread in the backscatter. We obtain w = 0.127 and RMSE = 18.4% and bias = 1.1 Mg/ha using ALS as reference (mean biomass 76.9 Mg/ha). The model solution is shown in Fig. 12 . Diagrams with the estimated biomass versus the ALS biomass are shown in Fig. 13 . In the biomass comparison diagram, the 27 stands assumed to have changed are marked. The histogram of all 1071 stands illustrates the change of biomass.
The two-level model (TLM) introduced in Soja et al. (2015b) models forest as two scattering levels, ground and vegetation, the latter with gaps. By fitting this two-parameter model to measured coherence and phase height, metrics related to forest height and vegetation density are obtained simultaneously, for each pixel, and without model training. The derived vegetation density is illustrated in Fig. 14 for the forest stands together with the above derived biomass. The vegetation density like measure is also compared with the vegetation ratio for the stands. We conclude that the allometric relation for the area-fill is in good agreement with the vegetation density measure expecting area-fill to be higher than vegetation ratio, cf. Section 4.1.
Using phase height as reference for biomass
The model solution for biomass was determined from the phase height while the model parameters, which determine the modeled phase height, were determined from the properties of coherence and backscatter. In the end we find a functional relation between phase height and biomass, see Fig. 15 , where also the results from Remningstorp (Askne et al., 2013) have been included.
The main difference between Remningstorp and Krycklan is the value of σ gr 0 /σ veg 0 , which in the case of Remningstorp is N 1 (probably due to high soil moisture) and for Krycklan is b1 except for the winter case with 1 m snow layer. When σ gr 0 /σ veg 0 N 1 the phase height will decrease for low biomass values due to the influence of ground scattering. (In the winter case 2012-02-25 from Krycklan with σ gr 0 /σ veg 0 = 2.7 this influence is so strong that the entire biomass range is affected.)
Large area coverage, AGB(PH)
The obtained solution for the phase height, z est , versus AGB can be inverted to a relation for AGB as function of phase height e.g. by means of a lookup table or a polynomial expression. The ALS-covered area in Krycklan is illustrated in Fig. 16 , where biomass over the investigated area is increasing from white (zero biomass) to deep green (300 Mg/ha). The pixel size is 12 m (the scene center resolutions of Tan-DEM-X 2011-06-17 is 1.8 m in ground range and 6.6 m in azimuth). Fig. 17 shows the three-year change between the TanDEM-X and ALS estimates of biomass. Areas with decreased biomass are represented by blue tones (clear cut or thinned stands) while areas with large growth represented by yellow tones (young stands). Normal growth is represented by grey tones. Due to the different geometries of ALS (nadir looking) and TanDEM-X (42°incidence angle) roads surrounded by forest will often be enhanced. Similar effects will appear at boundaries between forest and open fields. Effects related to topography and the difference in incidence angle between ALS and TanDEM-X can also be seen.
Discussion and conclusion
Forest height is a quantity directly measureable by remote sensing, but stem volume is more complex to determine since sensitivity for the stem diameter is needed. VHF-band radar has such sensitivity (Smith-Jonforsen et al., 2005; Smith and Ulander, 2000) . To determine AGB is still more complex since it is related to wood density and the non-woody fraction of the biomass. No remote sensing technique is available for direct measurements of AGB.
High microwave frequencies, such as X-and C-band, are mainly sensitive to the upper layer in a dense forest and only affected by the ground conditions for less dense areas. Phase height from bistatic interferometric measurements, after removal a DTM, is closely related to forest height and density, and therefore also to AGB. The differences in measurements relative low frequencies, such as VHF-and P-band, make X-and C-band suitable for complementary use.
To interpret remote sensing observations a model has to be used and parameters determined, and it is important for the model to include effects of height and density. Different approaches are used; e.g. IWCM, TLM (Soja et al., 2015a) , PolInSAR, often combined with RVoG (Cloude and Papathanassiou, 1998; Cloude and Papathanassiou, 2003; Papathanassiou and Cloude, 2001; Treuhaft et al., 1996) , multi-baseline, tomographic PolInSAR (Toraño Caicoya et al., 2015) , statistical approaches like Random-Forest , relating observations to known conditions, etc. Most approaches are based on the knowledge of local training data; others are related to complex sensor technique demanding polarimetry or tomography.
In this paper we investigated properties of bistatic TanDEM-X measurements for a boreal test site. IWCM has been applied to single-polarized (VV), single-baseline TanDEM-X data using an available DTM as ground reference for phase height estimation. No corrections of the observations for topography except in normalizing the backscattering coefficients have been done. Further research should analyze errors in the biomass estimation with topography and incidence angle in particular with snow layers.
The model has been fitted to three TanDEM-X observables: phase height, coherence, and backscatter. Allometric functions are used to assure the proper inter-dependence between forest parameters such as forest height, canopy cover, AGB, and stem volume. Allometric functions describe the mean properties rather than properties of individual forest stands, and are therefore most suitable for inclusion in a model like IWCM, describing the mean properties of the observed quantities (phase height, coherence and backscatter).
The phase height, coherence, and backscatter for the 31 stands with in situ data are shown to be stable over the three-year-period, in particular the phase height, which is the TanDEM-X measurement most correlated with AGB. For AGB, the RMSE 2011-2014 varies between 15.8 and 21.2%, increasing with time from the in situ reference in 2008. The RMSE for height relative to the basal area weighted mean height similarly varies between 9.9 and 16.0%.
In situ data have been used as reference data in this paper, but ALS data are also available for the entire test site. The ALS estimated biomass of the 29 stands have an accuracy of 18.6% and a height accuracy of 9% relative in situ estimates, and we conclude that ALS (using local training data) and TanDEM-X (not using local training data) have similar uncertainties. The AGB for 619 stands N1 ha with biomass up to 291 Mg/ha and covering 3166 ha was also estimated for one TanDEM-X acquisition with RMSE = 18.3% (r 2 = 0.83) compared to ALS. The AGB change for the entire area (≈68 km 2 ) clearly delineates changes corresponding to clear cuts and high growth in low biomass areas. The Interferometric Water Cloud Model, sensitive to forest height as well as vegetation density, can be used for single polarization TanDEM-X observations for accurate estimation of AGB and forest height in Swedish boreal forests without the use of local training data but using allometry (6)-(8). A DTM is assumed to be known, which is also the case for Sweden, along with a number of other countries. Without the DTM, only coherence and backscatter are available (Olesk et al., 2016; Olesk et al., 2015; Toraño Caicoya et al., 2016) . IWCM has also been applied to the hemi-boreal test site Remningstorp, 720 km south Krycklan (Askne et al., 2013; Askne and Santoro, 2015) , and in order to apply IWCM to areas with different forest characteristics the model Eqs.
(1)-(5b) must be considered applicable. In this paper h(V) was given based on investigation of 3046 NFI-plots for Sweden and expressions can be found in the literature for various other areas, for h(V) or h(B), see e.g. Cartus et al. (2012) , Mette et al. (2004) , Saatchi et al. (2011), and Santoro et al. (2007) , for η(V), see e.g. Cartus and Santoro (2016) , Cartus et al. (2012), and Cartus et al. (2011) , and for BF, see e.g. Thurner et al. (2013) . The area-fill expression can be checked by a combination the vegetation density like quantity derived by a TLM-analysis of the TanDEM-X data and the biomass derived with the presented method.
The high accuracy is mainly due to the relatively simple relation between phase height and biomass, although this relation varies with environmental conditions and HoA. The good results derived from bistatic TanDEM-X observations motivates continued use of a bistatic high frequency InSAR mission, complementing the BIOMASS P-band mission, which may provide a DTM to be used in estimating the X-band phase height.
